Abstract We investigated a natural Brazilian Fe-Ticontaining andalusite and its thermal behavior by polarized infrared and optical spectroscopy. Polarized infrared spectra of the Brazilian andalusite and their evolution at thermal annealing in air clearly evidence that there are several types of OH-groups in the structure. Optical spectra and their evolution with temperature indicate that the incorporated iron (about 0.43 wt% calculated as FeO) is in the ferrous and ferric state.
Introduction
Electronic intervalence charge-transfer transition (IVCT) of Fe 2? /Ti 4? type causes the intense coloration and distinct pleochroism of natural Fe-Ti-containing andalusite (e.g., Smith 1977; Smith and Strens 1976) . The corresponding broad and intense absorption band can be observed at 20,500 cm -1 . Lately, we reported that under thermal annealing at oxidizing conditions in air, the band evidently displays different thermal stability in darkly and lightly colored zones of andalusite crystals, which differ by Fe and Ti concentrations and, as a result, by the intensity of the Fe 2? /Ti 4? IVCT band itself (Taran and Koch-Müller 2011) . We also showed that the weakening and disappearance of the Fe 2? /Ti 4? IVCT band in spectra of andalusite annealed in air at temperatures C700°C is caused by the oxidation of Fe 2? belonging to the Fe 2? /Ti 4? IVCT pairs to Fe 3? . A vivid difference in the thermal stability of the IVCT band in lightly and darkly colored zones evidences of a self-stabilization of the pairs over some interaction between them, although the mechanism of the interaction is not quite clear.
The absolute concentrations of OH in the three Al 2 SiO 5 polymorphs, kyanite, sillimanite, and andalusite, are low compared to many other nominally anhydrous minerals (Johnson 2006) . So far, among the three polymorphs, the largest OH-content, up to 270 wt. ppm H 2 O, was found in an andalusite crystal from an unspecified location in Minas Gerais, Brazil (Rossman 1996; Johnson 2006) . While Burt et al. (2007) determined in an analysis of the theoretical electron density distribution in conjunction with IR spectroscopy the oxygens O1 and O2 as potential protonation sites in andalusite, the explicit incorporation mechanism is poorly understood. According to Johnson (2006) , hydrogen incorporates via the exchange mechanism 3ÁOH
-? vacancy $ Al 3? ? 3O 2-; however, this is suggested without any proof. Other mechanisms for hydrogen incorporation into andalusite are discussed, for example, substitution of Al 3? by two-valent cations such as Fe 2? or hydrogarnet substitution (Beran and Zemann 1969; Burt et al. 2007 ). So far, no relation has been established between OH-groups and iron or other impurity ions such as Ti in andalusite.
The item of this investigation is to elucidate whether there is any correlation between OH and Fe, and Ti ions involved in Fe 2? /Ti 4? IVCT processes in the andalusite structure. Based on the results of the optical spectroscopic study with respect to the Fe 2? /Ti 4? IVCT band in differently colored zones of Fe-Ti-containing andalusites (Taran and Koch-Müller 2011) , we carried out FTIR spectroscopic investigations of OH-vibration bands in zoned natural and thermally treated andalusite crystals.
Experimental details
Preliminary FTIR spectroscopic measurements were taken on the relatively thin andalusite samples, which were used earlier for optical absorption spectroscopic studies (Taran and Koch-Müller 2011) . The measurement was taken at ambient conditions on the untreated natural samples and on the same samples and annealed at oxidizing and reducing conditions. We found the most prominent effect on the coloration and the intensity of the Fe 2? /Ti 4? IVCT absorption band in the samples annealed at oxidizing conditions in air. For the OH bands, the strongest changes were also revealed under annealing in air. In this study, the thermal behavior of the OH-groups was investigated in more detail by polarized FTIR spectroscopy in the range of 4,000-2,500 cm -1 on a thicker sample, ca. 2.3-mm thick along the a-axis and 3.5-mm thick along the b-axis, through annealing in air. The sample was prepared by grounding and polishing a natural gem quality crystal taken from the same collection of andalusite crystals as those studied lately by Taran and Koch-Müller (2011) . The sample was oriented by morphology using well-developed crystal faces. The orientation was controlled by conoscopic observation in a polarizing microscope. Visually, with unpolarized light and, more prominent, with E||c-polarized transmitting illumination, the sample showed a distinct zoning: its color, caused by electronic Fe 2? /Ti 4? IVCT processes (Smith 1977; Smith and Strens 1976; Taran and Koch-Müller 2011) , varied from red (light zones) to brownish-black, almost opaque (dark zones).
Infrared spectra were recorded on a Bruker Vertex 80v FTIR spectrometer, equipped with a Globar light source, a KBr beam-splitter and a Hyperion microscope using Cassegrainian objectives and an InSb detector. The spectra were taken with an aperture size of 50 9 50 lm and a resolution of 2 cm -1 . For each measurement, the spectrum was averaged over 256 scans. The spectra are normalized to 1.0-cm thickness. To evaluate energy, peak intensity, and half-widths of the bands, the Peakfit 4.0 (Jandel Scientific) software was used to fit the spectra with Lorentzian curves after a straight line background correction.
To confirm the nature of the coloration, E||c-polarized absorption spectra of the two differently colored zones, light and dark (Fig. 1) , were measured on the thick sample identical to the procedure described by Taran and KochMüller (2011) (see ''Experimental details'').
After the annealing processes and spectra collection, the thick sample was sealed by arc welding in a 50-mm-long gold capsule with 4-mm diameter together with 50 ll H 2 O. The capsule was placed into a cold seal autoclave and pressurized by water. The sample was first pressurized to 0.5 kbar and then isobarically heated to 650°C within *20 min. The f O2 was close to the nickel-nickel oxide (NNO) buffer by the Ni-bearing material of the autoclave and filler rods. Run duration was 24 h. The sample was isobarically cooled to ambient temperature in less than 5 min. Wavelength, nm 
Results
Within the uncertainty of the microprobe analysis, the composition of the thicker sample is practically the same as the thinner studied before, that is (in wt%), Al 2 O 3 = 61.29, SiO 2 = 38.14, with admixture of iron calculated as FeO & 0.43 and traces of titanium. As seen from the Fig. 1 (Taran and Koch-Müller 2011) . In the other two polarizations, E||a and E||b, the sample has practically homogeneous light greenish-yellow colors and does not show any definite zoning. Note that the E||a-and E||b-polarized spectra (not shown) are practically identical to those published by Taran and Koch-Müller (2011) .
Polarized FTIR spectra of the two differently colored zones, light and dark, are shown in Fig. 2a , b, respectively. As seen, in the range 3,200-3,800 cm -1 , a series of sharp absorption lines E||b C E||a ) E||c exist attributed by Burt et al. (2007) to OH stretching vibrations. We observe sharp absorption lines with similar intensity ratios and polarization behavior in light zones at (in cm -1 ) 3, 247, 3,275, 3,437, 3,461, 3,480, 3,516, 3,527, 3,598, and 3,654, strong in E||a-and E||b-polarizations, but very weak in E||c.
1 The spectra measured in the dark zones show distinct differences with respect to the bands at 3, 480, 3,437, 3,598, 3,247, and 3,275 cm -1 : first of all, in the light zones, the relatively intense sharp line at 3,437 cm -1, and a weaker one at 3,480 cm -1 can be observed in both E||a-and E||b-polarizations with similar intensities, whereas in spectra taken in the dark zones, they are present in E||a-polarization but completely absent in E||b. Besides, the E||b-polarized line at 3,598 cm -1 is much weaker in the dark than in the light zone, thus showing a possible relation to the above-mentioned lines at 3,480 and 3,437 cm -1 . On the other hand, a weak doublet of two relatively broad bands at 3,247 and 3,275 cm -1 (E||b & E||a ) E||c) has higher intensity in the dark than in the light zone. Most of these observations are apparent in Fig. 3 where a 20-step straight line scan of E||b-polarized spectra across differently colored zones of the sample is shown. Particularly, the distinct reverse correlation of the intensity of the absorption line at 3,437 cm -1 with the density of the red-to-black color (caused by variation in intensity of the Fe 2? /Ti 4? IVCT band at 20,500 cm -1 , cf. Taran and Koch-Müller 2011) is well traced out. Scanning across the ac-plane of the sample reveals that in E||a-polarization, the two most characteristic lines at 3,437 and 3,480 cm -1 behave in a similar way. Though, they only considerably weaken in the dark zones, but do not completely disappear as in the E||b-polarized spectra in Fig. 3 .
On the whole, the integrated absorbance in the spectral range of 3,800-3,200 cm -1 is somewhat higher in the light zone than in the dark one. For comparison, we used the calibration proposed by Burt et al. (2007) to quantify water in andalusite (in ppm by weight) as *95 (light) and *76 (dark). These values are close to the values given in Burt et al. (2007) ranging from 110 to 170 ppm by weight but much less than the maximum of 270 ppm, reported so far for andalusite by Rossman (1996) . The reason for such a difference could be the use of a non-mineral specific absorption coefficient for andalusite (Koch-Müller and Rhede 2010): Burt et al. (2007) used the kyanite calibration of Bell et al. (2004) to quantify water in andalusite, while Rossman (1996) used IR independent methods.
In this study, we focus on the evolution of the OH bands with increasing temperature. On the whole, the thermal evolution of the OH band in both light and dark zones in the temperature range 800-1,000°C may be described as follows: with increasing temperature, the intensities of the split doublet at 3,527, 3,516 cm -1 and, in a somewhat lesser extent, of the line 3,437 cm -1 continually decrease, while that of the line at 3,461 cm -1 significantly increase in all three polarizations, E||a, E||b, and E||c, probably, at the expense of the former three bands. Under annealing at 1,100°C during 2 h, these processes facilitate, especially, the doublet at 3,527 and 3,516 cm -1 drastically decreased and the line at 3,461 cm -1 dominates the spectra. However, further heating at 1,100°C and, subsequently, at 1,200°C leads to a continual decrease in all absorption lines. At these temperatures, even the most thermally stable absorption lines at 3,598 and 3,654 cm -1 , which well kept their intensity at lower temperatures, decrease and bleach out nearly completely. Again, the more intense E||a-polarized line at 3,654 cm -1 is obviously less thermally stable than the weaker line at 3,598 cm -1 (E||a [ E||b ) E||c) (Fig. 5 ) that inevitably points to the fact that they are caused by OH-groups of different type, apparently having OH-vectors differently oriented within the plane (001). All the above-mentioned observations can well be seen from the E||b-and E||a-spectra of the light zone measured before and after thermal annealing at different temperatures and durations, shown in Figs. 4, 5, respectively. Polarized infrared spectra of the two zones, light and dark, after annealing at 1,100°C during 10 h are shown in Fig. 6 . We estimate the hydroxyl group content as 61 and 52 ppm of water in the light and the dark zone, respectively, which is noticeably lower than in the initial state (see above). Note that the line at 3,437 cm -1 , though significantly decreased, still has a distinct E||b-polarized component in the light zone and none in the dark one. Annealing at 1,200°C during 5 h induced further drastic changes of the spectra. As seen from Fig. 7 , the spectra maintain predominantly one relatively broad absorption line at 3,461 cm -1 . Note that in the dark zone after annealing at 1,100°C and, especially, at 1,200°C, it acquires higher intensity in E||a-than in E||b-polarization, opposite to what was observed in the initial sample (cf .  Figs. 2, 6 and 7) . Still, as in the original non-annealed crystal, the characteristic feature of the spectrum of the dark zones is zero intensity of the line at 3,437 cm -1 in the E||b-polarization. It should also be noted that the absorption lines become noticeably broader after thermal treatment. For instance, FWHM (full width at half-maximum) of the E||b-polarized line at 3,461 cm -1 , which maintains in the spectra (Fig. 7) , is 12 cm -1 in the initial crystal and 14 cm -1 after final treatment at 1,200°C during 5 h. In contrast to the experiments by Taran and KochMüller (2011) (sample thickness 0.488 mm), annealing the sample of this study (thickness [ 2 mm) in air at each hundred degrees in the interval 500-1,000°C for 2 h induces practically no changes in color. Since the compositions of the two samples are nearly identical and the nature of the coloration and zoning is the same, we imply that the differences in the thermal behavior of the color are most likely caused by the different dimensions of the samples used in the two cases. However, dehydration at higher temperature and for longer time as described above is accompanied by a simultaneous decoloration of the sample, faster in the light zones and slower in the dark ones just in accordance with what was observed by Taran and Koch-Müller (2011) . After final thermal annealing (at 1,200°C, 5 h), the sample acquires a homogenous light greenish-yellow color, showing no sign of the intense E||c-polarized Fe 2? /Ti 4? IVCT band at *20,500 cm -1 (Fig. 8) . The spectra in E||a-and E||b-polarizations remain nearly the same as in the initial untreated sample.
Protonation of the annealed sample in a hydrothermal capsule at 0.5 kbar, 650°C, and f O2 corresponding to the Ni/NiO buffer does not induce any noticeable change in color, as well as in the optical absorption and FTIR spectra.
Discussion
The sharp absorption lines at (in cm -1 ) 3, 247, 3,275, 3,437, 3,461, 3,480, 3,516, 3,527, 3,598, and 3,654 , with similar polarization properties as in the light zone of our sample, all strong in E||a-and E||b-polarizations, but very weak in E||c (Fig. 2) , were observed in natural andalusites by Burt et al. (2007) . Note, however, that comparing with our sample, the lines displayed rather different intensity ratios that immediately implies that there exist more than one type of OH-groups in natural andalusites. According to Burt et al. (2007) , the corresponding OH-vectors lay predominately in the ab-plane, since all absorption lines are strong in E||a-and E||b-polarization, but nearly zero in E||c. Their theoretical analysis reveals that potential oxygens for protonation in andalusite, which satisfy the above polarization properties, E||a & E||b ) E||c, are the oxygens O1 and O2. Figure 9a , b show clusters around the O1 and O2 sites, respectively, projected on (001) of the andalusite structure including the proposed hydrogen sites (Burt et al. 2006 (Burt et al. , 2007 . The O1 site is coordinated by three Al atoms and the O2 site by two Al and one Si atom. The oxygen sites O1 and O2 were already discussed by Beran and Zemann (1969) as possible hosts for hydrogen. Johnson (2006) The composition of the andalusite of this study (see the ''Results'') is practically identical to that described previously by Taran and Koch-Müller (2011) , that is, it is rather a pure material admixed by only *0.43 wt% iron calculated as FeO and traces of titanium. As seen from the presence of the Fe 2? /Ti 4? IVCT band and a weak 5 T 2g ? 5 E g spinallowed band of VI Fe 2? (Fig. 1) , some of the Fe is obviously ferrous iron and the structure must be partly charge compensated by a neighboring Ti 4? . Besides, the curve-fitting analysis resolves a weak E||c-band at *14,000 cm . Mössbauer spectroscopic studies (Halenius 1978; Meisel et al. 1990) Meisel et al. (1990) than to that of Halenius (1978) . Therefore, in this particular case, there is no need to introduce Al-vacancies for hydrogen intake: it seems certain that hydrogen may incorporate into the actual andalusite structure not via the exchange mechanism 3ÁOH
-? vacancy $ Al 3? ? 3O 2-, but mostly due to the coupled substitution Al 3? $ Fe 2? ? H ? for charge balancing. IVCT pairs. The process of oxidation is accompanied by a rearrangement of the hydroxyl groups and dehydration of the sample, especially vivid at the final stage of the thermal annealing at 1,200°C (Figs. 4, 5) . During thermal annealing, structural hydroxyls of different types apparently transform into each other: the most distinct are the hydroxyls causing the doublet at 3,516 and 3,527 cm -1
and those responsible for the characteristic lines at 3,437 and 3,480 cm -1 . They seem to transform into the hydroxyls causing the line at 3,461 cm -1 . The line at 3,461 cm -1 which is present in the spectra of the untreated sample and which increases at the expense of other OH bands during annealing (Figs. 4, 5, 6, 7) is to be related to Fe 3? . For charge balancing, it seems reasonable to imply that the line is related to Fe 3? at a tetrahedral Si-site (Fe 3? ? H ? ? Si 4? ). Since O1 and O2 are the most probable oxygen ions for protonation (Burt et al. 2007) , we assume that the decrease of the doublet at 3,516 and 3,527 cm -1 accompanied by the increase of the line at 3,461 cm -1 (Figs. 4, 5) , as well as a slight change of E||a/E||b intensity ratio of the later (cf . Figs. 2, 7) , is just the direct evidence of a transformation of one type of OH-groups into another, namely those located on O1 to those on O2. Thus, we suggest the following scenario: vibrations of the O1-H1a,b dipoles (neighboring octahedral and fivefold-coordinated Al-sites-one occupied by Fe 2? ; Fig. 9a ) cause the strong doublet at 3,516 and 3,527 cm -1 in the infrared spectra; vibrations of the O2-H2a,b dipoles (neighboring two Al-sites and one tetrahedral Si-site occupied by Fe 3? ; Fig. 9b ) cause the line at 3,461 cm -1 . During annealing, Fe 2? at the octahedral sites oxidizes to Fe 3? , and H is deliberated for charge balancing (decrease of the corresponding OH band and the IVCT band) while the amount of Fe 3? plus H at the tetrahedral Si-sites increases (increase of the corresponding OH band). This process must be accompanied by an increase of Fe 3? and decrease of Si at the Si-site-most probably due to thermally induced diffusion. All spectral observations during heating can be explained with such a process.
The fact that we failed to restore, even partly, the red color (as well as Fe 2? /Ti 4? IVCT band in the andalusite spectrum) and even to a minor extent increase the intensity of the OH-absorption lines in the protonation experiment (see ''Results'') Comparison of the spectra of the zoned crystal studied here (Figs. 2, 3 ) and their thermal evolution (Figs. 4, 5, 6, 7) obviously evidences that there are several types of OH-groups in the andalusite structure, all having hydrogen located in the (001) plane. In the initial, untreated state, we can distinguish at least two different types of hydroxyls in the light and dark zones of the sample as follows from Fig. 9 Projection of clusters of the andalusite structure around the O1 site (a) and O2 site (b) based on structural data of Burt et al. (2006) with the hydrogens arranged as suggested by Burt et al. (2007) . Vibrations of the O1-H1 dipoles (neighboring octahedral and fivefold-coordinated Al-sites-one occupied by Fe 2? ) are assigned to cause the strong doublet at 3,516 and 3,527 cm -1 in the infrared spectra, and vibrations of the O2-H2 dipoles (neighboring two Al-sites and one tetrahedral Si-site occupied by Fe 3? ) are assigned to cause the line at 3,461 cm -1 . During annealing, Fe 2? at the octahedral sites oxidizes to Fe 3? , and H is deliberated for charge balancing (decrease of the corresponding OH band and the IVCT band) while the amount of Fe 3? plus H at the tetrahedral Si-sites increases (increase of the corresponding OH band) different polarization properties of the absorption lines at 3,437 and 3,480 cm -1 (see ''Results''). As for us, the most interesting aspect of this study is that there is a strict relation between the red-to-black color of andalusite, caused by electronic Fe 2? /Ti 4? IVCT transition between Fe 2? and Ti 4? in the adjacent octahedral sites, and some part of hydroxyls in the andalusite structure. The presence or absence of the E||b-polarized components of the two absorption lines at 3,480 and 3,437 cm -1 can only be interpreted (e.g., Libowitzky and Rossman 1997 ) that hydroxyls of a certain type, which cause these lines, are differently oriented in the two zones, light and dark. And, as far as we are aware, this is the first observation of such kind of OH-reorientation in a mineral structure. The same holds for the change of the polarization behavior of the 3,461 cm -1 band in the dark and light zone during annealing. After annealing at 1,200°C, the intensity of the band measured with E||a is significantly higher in the spectra of the dark zone than in the spectra of the light zone, where the E||b bands dominate. Thus, there must be a rearrangement of the OH-vectors in the dark zone compared to the light one caused by annealing. As found out by Taran and Koch-Müller (2011) , the compositions of the light and dark zone in andalusites studied differ slightly in the concentration of iron and titanium impurities, either isolated or combined with pairs or some more complicate aggregates in adjacent octahedral sites elongated parallel to the c-axis of the structure. A part of Fe and Ti is involved into electronic Fe 2? /Ti 4? IVCT transition which cause the broad intense E||c-polarized optical absorption band at *20,500 cm -1 and red coloration of the crystals in this polarization. Now, it looks quite certain that at least a part of hydroxyl groups is tightly related in some way to the admixture of iron and titanium. It seems also certain that in the dark zones, enriched with Fe and Ti, some portion of OH-groups, causing the absorption lines at 3,480 and 3,437 cm -1 , both strictly E||a-polarized, should interact in some way with Fe 2? /Ti 4? pairs or some other combinations of these ions. By the interaction, their OH-vector aligns parallel to a-axis, thus causing zero intensity of the absorption lines in question at E||b and E||c (Figs. 2b, 3b) . The mechanism of such reorientation is not quite clear, but it is most probably caused by a redistribution of the electronic density along the bond between Fe 2? and Ti 4? ions in IVCT pairs or complexes. Note that the concentration of Fe 2? /Ti 4? IVCT pairs in the dark zones is estimated to be nearly four times higher than in the light ones (Taran and Koch-Müller 2011) . Figure 10 shows a fragment of the andalusite structure with four adjacent elongated octahedral AlO 6 -sites, which may be occupied by Fe 2? and Ti 4? . In addition, two possible OH-groups bonded to O1 as suggested by Burt et al. (2007) are shown. We aligned one OH-vector strictly parallel to the a-axis-it could represent the OH-vector responsible for the OH bands of the dark zone-and the other one laying on the ab-plane could represent the OH-vector of the light zone. Similar . Two possible positions of protons on O1 are conditionally shown: one with OH-vector laying in the ab-plane (the light zone case) and the other with OH-vector strictly parallel a-axis (the dark zone case) rearrangement could be the cause of the change in polarization behavior of the 3,461 cm -1 band in the light and dark zones.
We observed that the rate of bleaching depends on sample geometry and sample thickness. This is in a good accord with observation that the diffusion rates measured on single crystals are often much slower than those measured using bulk experiments on powdered materials (Farver 2010) . Judging from the information on hydrogen uptake/extraction in minerals (Ingrin and Blanchard 2006) , the process of hydrogen uptake may be accompanied by iron reduction from Fe 3? to Fe 2? . This suggests that hydrogen extraction in andalusite can also be controlled by redox reactions, which, as we assume on the basis of optical absorption spectroscopy studies (Taran and KochMüller 2011) 
